Lung cancer is one of the most common malignancies in the world, and non-small cell lung cancer (NSCLC) is a major subtype of lung cancer. Overgrowth of tumor cells usually results from the intensive proliferation of cancer cells, but the mechanisms by which the proliferation of cancer cells are promoted are currently unclear. Thus, it is necessary to determine the vital factors involved in regulating the growth of NSCLC. The MTT assay, BrdU assay, western blots, and migration and invasion assays were used in our study. Here, we found that PKIB (cAMP-dependent protein kinase inhibitor-b), a novel molecular target, was up-regulated in NSCLC tissues compared with the normal tissues adjacent to the tumors. Moreover, overexpression of PKIB promoted cell proliferation and potentiated the invasion and migration in A549 cells, whereas knocking down PKIB gene expression inhibited the proliferation and attenuated the invasive behavior and metastasis in H1299 cells. However, all of these effects of PKIB on cell proliferation and metastasis were reduced by inhibiting the PI3K/Akt pathway. Our results indicate that PKIB promotes cell proliferation and tumorigenesis by activating the PI3K/Akt pathway in NSCLC, implying that this is an important underlying mechanism that affects the progression of NSCLC.
Introduction
Lung cancer is one of the most prevalent malignant tumors and the leading cause of cancer-related death among men and women worldwide. 1, 2 Non-small cell lung cancer (NSCLC) is responsible for approximately 80% of lung cancer diagnoses. Currently, lung cancer therapeutic strategies include surgery, chemotherapy, radiotherapy, and recently established molecular targeted therapies, but the main challenge of targeted therapies is that only a small proportion of patients can benefit from the treatments. 3, 4 Moreover, the 5-year overall survival rate for patients with NSCLC has not been markedly improved by the current therapeutic strategies, which is only 16% for all stages of lung cancer. 5 In recent years, although the discovery of targetable driver oncogenes, such as EGFR mutations, ALK fusions, and inhibition of hTERT overexpression, are major treatment strategies for patients with NSCLC, [6] [7] [8] there is still an urgent need to understand the molecular mechanisms of lung cancer tumorigenesis and to identify new therapeutic targets to improve the treatment strategies for lung cancer patients. PKIB (cAMP-dependent protein kinase inhibitor-b) is a member of the protein kinase inhibitors (PKIs), which are a class of proteins that can inhibit the activity of cAMPdependent protein kinase (PKA). PKA is a complex composed of two regulatory subunits (R-subunits) and two catalytic subunits (C-subunits) 9 ; the PKIs can bind to the C-subunits of PKA in the nucleus and then transport them to the cytoplasm to reform the inactive PKA complex with the R-subunits. 10 To date, studies have found that PKIB has the ability to enhance the constitutive activity of the G-protein-coupled zinc receptor GPR39 and may play important roles in vascular endothelial cells. 11, 12 Furthermore, there are a few studies about the functions of PKIB in the tumor progression process. In breast cancers, PKIB expression is strongly correlated with the triplenegative breast cancer subtype, and overexpression of PKIB promotes tumor aggressiveness in prostate cancer. 13, 14 However, it is currently not known whether PKIB is involved in modulating the progression of NSCLC.
In the present study, we aim to clarify the roles of PKIB in the proliferation, migration, and invasion of NSCLC cells.
We find that the expression of PKIB is significantly upregulated in NSCLC tissues compared with the normal tissues adjacent to the tumors. Moreover, we have also demonstrated that PKIB serves as an important regulator of the cell proliferation and metastasis of NSCLC cells by activating the PI3K/Akt pathway. All of our results suggest that PKIB may be a novel potential therapeutic target for NSCLC.
Materials and methods

Materials
The antibodies against PCNA and beta-actin were purchased from Santa Cruz Biotechnology Inc., CA, USA, and the PKIB antibody was purchased from Abcam (Cambridge, MA, USA). The BrdU proliferation assay kit was purchased from Millipore Corporation (Billerica, MA). All other reagents were from common commercial sources.
Cell line preparation and clinical samples
The A549 and H1299 cells, two human NSCLC cell lines, were obtained from the American Type Culture Collection (ATCC, Rockville, Maryland, USA). Both cell lines were routinely cultured in DMEM supplemented with 10% fetal calf serum, penicillin (100 U/mL), and streptomycin (100 mg/mL) at 37 C in an incubator with 95% air and 5% CO 2 . The tumor specimens used in this study were obtained from 30 NSCLC patients who underwent curative resection in the First Affiliated Hospital of Jiamusi University. Ethical approval was obtained and approved by the Ethics Committee of Jiamusi University, and written informed consent was obtained from each patient.
Generation of PKIB shRNA-expressing and PKIB-overexpressing lentiviruses
PKIB shRNA and a scrambled shRNA (used as a negative control) were designed and synthesized by Shanghai GenePharma Co., Ltd., Shanghai, China. We called the resulting lentiviruses containing the PKIB shRNA sequence or the negative control sequence PKIB shRNA and NC, respectively. The PKIB-overexpressing lentivirus was also purchased from Shanghai GenePharma Co., Ltd., Shanghai, China, and the PKIB-overexpressing lentivirus and blank vector were called PKIB and vector, respectively.
Assessment of cell viability
We used the MTT assay to assess cell viability. The A549 and H1299 cells were split into a 96-well plate (approximately 5000 cells per well), and the next day, the cells were subjected to growth arrest for 24 h before different treatments were added to the indicated groups described below. The groups were negative control and PKIB shRNA, or vector and PKIB overexpression. Then, after incubating cells at 37 C for 3 days, a medium containing 5 g/L of 0.5% MTT (3-[4, 5-dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide), which was a yellow mitochondrial dye and prepared in PBS, was added to the cells at 20 mL of MTT per well, and the cells were incubated at 37 C for 4 h. The MTT reaction was terminated by adding DMSO to the medium and incubating the cells for 10 min at 37 C; then, the absorbance at 490 nm was read using a spectrophotometer. All experiments were done in triplicate and repeated thrice.
Bromodeoxyuridine incorporation
The A549 and H1299 cells were plated in 96-well plates at a density of 1 Â 10 4 cells/well and then subjected to growth arrest for 24 h. After that, cells were cultured in DMEM containing 1% FBS with the indicated treatments. We measured the BrdU incorporation using a BrdU proliferation assay kit according to the manufacturer's protocol. Briefly, the cells were labeled with 10 mg/L of BrdU during the incubation, washed 3 times with a cold wash buffer, fixed, airdried, and incubated with a mouse anti-BrdU monoclonal antibody (diluted 1:200) for 1 h at room temperature. The antibody was aspirated, and the cells were washed 3 times and then incubated with peroxidase goat anti-mouse IgG (1:2000) for 30 min at room temperature. The cells were washed 3 times, and 100 ml of substrate was added to each well and incubated for 30 min in the dark. Then, the absorbance was measured at dual-wave lengths of 450 to 540 nm.
Migration assay
Confluent cells were maintained in a growth factor-free medium for 24 h prior to the experiments. The cells were then harvested using trypsin, counted, centrifuged, and resuspended in DMEM containing 1% bovine serum albumin. Approximately 30,000 cells (500 mL) were then plated on the upper side of a membrane (24-well insert; pore size, 8 mm; Corning Costar), which was then seated in 750 mL of complete medium (10% FBS). After a 24-h incubation period, the non-migrating cells were mechanically removed with a cotton swab. Cells that had migrated through the membrane were stained with crystal violet. The cells in five representative microscopic fields (Â100 magnifications) were counted and photographed.
Matrigel invasion assay
The Matrigel invasion assay was performed according to the manufacturer's instructions. Each well was coated with fresh Matrigel (60 mg; BD Biosciences) before the invasion assay. Briefly, 50,000 cells were plated on the Matrigelcoated membrane in the top chamber (24-well insert; pore size, 8 mm; Corning Costar). The cells from indicated groups were added to the Transwell insert in 0.5 mL of medium containing 1% fetal bovine serum (FBS), which was seated in 750 mL of complete medium (10% FBS). After a 48-h incubation period, the non-invading cells were mechanically removed with a cotton swab. Cells that had crossed through the Matrigel assay were stained with crystal violet. The cells in five representative microscopic fields (Â100 magnifications) were counted and photographed.
Western blotting
The methodology has been described in previous reports. 15 Briefly, the cells from six wells were sonicated in an RIPS buffer, homogenized, and the debris was removed by centrifugation at 12,000 g for 10 min at 4 C. The samples containing 50 mg of protein were electrophoresed on polyacrylamide SDS gels and then transferred to polyvinylidene diFuoride (PVDF) membranes. The membranes were blocked with 3% BSA, incubated with primary antibodies, and subsequently incubated with an alkaline phosphatase-conjugated secondary antibody. The membranes were developed with 5bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium (Tiangen Biotech Co. Ltd., Beijing, China). The blots were also stained with an anti-beta-actin antibody as an internal control for the amounts of the target proteins.
Real-time PCR
Real-time PCR (qPCR) was performed with an Applied Biosystems 7300 Fast Real-Time PCR system. Each 20 mL reaction contained 1 Â SYBR Õ Premix Ex Taq TM II, 10 mM forward and reverse primers, 0.4 mL of ROX reference dye, and 2 mL of cDNAs. The ABI 7300 Sequence Detector (PerkinElmer Applied Biosystems) was programmed for the following PCR conditions: 95 C for 30 s, 40 cycles of 95 C for 5 s, and 60 C for 31 s, followed by a routine melting curve analysis. Relative quantitation (RQ) of target gene expression was performed using the 2 -ÁÁCT method. 16 The first step in the RQ analysis is to normalize the expression level of the target gene to b-actin (ÁCt). The second step is to compare the differences between the normalized target gene expression levels between different samples (ÁÁCt). Each experiment was repeated 2-3 times using three to four samples.
Statistical analysis
The results were expressed as the mean values AE SEM. Statistical analysis was performed with the Student's t-test or one-way ANOVA followed by Dunnett's test, as appropriate, and a value of less than 0.05 (P < 0.05) was used for statistical significance.
Results
PKIB expression is increased in the NSCLC tissues compared with normal tissues adjacent to the tumors
To determine whether PKIB participated in regulating the development of NSCLC, we applied real-time PCR and western blot assays to determine the expression levels of the PKIB mRNA and protein in 30 paired tumor tissues as well as their corresponding non-tumor lung tissues. Our results showed that PKIB expression was significantly upregulated in the NSCLC tissues compared with the normal tissues adjacent to the tumors (Figure 1(a) and (b), P < 0.05). Similar results were acquired when we detected the levels of the PKIB protein (Figure 1(c) ). The result indicates that PKIB is likely to be positively associated with the development of NSCLC.
Overexpression of PKIB promotes NSCLC cell proliferation
To confirm the role of PKIB in the growth of NSCLC cells, we stably overexpressed PKIB in A549 cells. As shown in Figure 2 The results showed that the PKIB mRNA and protein levels were greatly increased in the PKIB-transfected A549 cells compared with the vehicle group (Figure 2 
Knocking down the expression of PKIB inhibits NSCLC cell proliferation
Meanwhile, the expression of PKIB was knocked down by PKIB shRNA in H1299 cells. As shown in Figure 3 
PKIB overexpression promotes the invasion-metastasis cascade of NSCLC cells
The invasion-metastasis cascade, which disseminates cancer cells to distant tissues, is believed to be the major reason for patient death. Therefore, we examined the effects of PKIB on the invasion and migration of NSCLC cells to emphasize the role of PKIB in the progression of NSCLC. As shown in Figure 4 (a) and (b), the number of migrating A549 cells was increased by PKIB overexpression. Moreover, PKIB overexpression increased cell invasion (Figure 4 (c) and (d), n ¼ 3, P < 0.05). The results indicate that the metastasis of NSCLC cells is potentiated by overexpression of PKIB.
Metastasis of NSCLC cells is attenuated by knocking down PKIB expression
Meanwhile, we examined the effects of repressing PKIB expression on the invasion and migration of H1299 cells. We found that knocking down PKIB expression mitigated the migration of H1299 cells (Figure 5(a) and (b), n ¼ 3, P < 0.05). Moreover, the invasion experiments showed that the number of invasive H1299 cells was greatly decreased after the expression of PKIB was reduced ( Figure 5 The effects of PKIB on cell proliferation are mediated by the PI3K/Akt pathway It is well known that the PI3K/Akt pathway, which is often activated in the progression of some cancers, including NSCLC, is one of the most classical pro-survival pathways. Therefore, we next examined whether PKIB was correlated with the activation of Akt. Our results showed that overexpression of PKIB increased the levels of Akt phosphorylation at Ser473 in A549, and knockdown of PKIB decreased the levels of Akt phosphorylation; however, the total Akt level was not significantly affected by PKIB (Figure 6(a) and (b), n ¼ 3, P < 0.05). 
Discussion
Because tumor progression usually results from the overgrowth and metastasis of tumor cells, it is necessary to determine the critical molecules that participate in regulating the growth and invasion-migration cascade of cancer cells. In our study, we found that PKIB is up-regulated in NSCLC tissues compared with the normal tissues adjacent to the tumors. Moreover, PKIB overexpression promotes cell proliferation and the invasion-migration cascade of NSCLC cells, and knockdown of PKIB expression inhibits cell proliferation and metastasis. The effects of PKIB on cell proliferation and metastasis are attenuated by blocking the PI3K/Akt pathway. We provide new evidence that the upregulated PKIB expression in the NSCLC tissues facilitates the proliferation and metastasis of NSCLC cells by activating the PI3K/Akt pathway.
Accumulating evidence has indicated that the major reason for tumor occurrence is the excessive growth of tumor cells, and conditions that either promote tumor cell proliferation or inhibit tumor cell apoptosis can lead to the overgrowth of tumor cells. 17, 18 Thus, it is important to explore the critical factors involved in regulating the growth of cancer cells, which may provide novel therapeutic targets and improve the treatment efficiency. It has been reported that PKA activates a number of ligand-receptor signaling pathways and controls cell growth and differentiation, and PKIB is described as an inhibitor of PKA. 9 Moreover, previous research indicates that PKIB plays a positive role in promoting the aggressiveness of prostate cancer. 14 In our study, we demonstrated that the expression of PKIB was significantly increased in the NSCLC tissues compared with the normal tissues adjacent to the tumors. Furthermore, PKIB overexpression promoted A549 cell proliferation, and knocking down the expression of the PKIB gene inhibited the growth and proliferation of H1299 cells. These results indicate that PKIB participates in regulating the progression of NSCLC by driving tumor growth.
The invasion of surrounding tissues by malignant tumors and the dissemination of cancer cells to distant tissues are accomplished by the invasion-metastasis cascade, which is regarded as the major reason for patient death and makes the treatment of cancers extremely difficult. 19, 20 To emphasize the pro-tumorigenic role of PKIB in NSCLC, we also examined the effects of PKIB on the invasion and migration of NSCLC cells. Our results showed that the invasion and migration of A549 cells were enhanced by overexpression of PKIB, and silencing PKIB expression attenuated the invasive behavior in H1299 cells, implying an important role for PKIB in the progression and development of NSCLC. The PI3K/Akt pathway is one of the most classical prosurvival pathways, and it plays an important role in regulating cell growth and metastasis. 21 Previous studies have shown that the development of some cancers is closely correlated with the hyper-activation of Akt. 22 To illustrate the mechanism by which PKIB promotes the proliferation and metastasis of NSCLC cells, we examined whether there was an association between PKIB and the PI3K/Akt pathway. Our results showed that PKIB positively regulated the activation of Akt, and the cell proliferation enhanced by PKIB overexpression was obviously mitigated by LY294002. Moreover, the migration and invasion of the PKIB-overexpressing A549 cells were decreased by blocking the PI3K/ Akt pathway. The results indicate that PKIB promotes the proliferation and metastasis of NSCLC cells by activating the PI3K/Akt pathway.
In conclusion, it has been demonstrated that PKIB, which is up-regulated in the NSCLC tissues, promotes the proliferation and metastasis of NSCLC cells by activating the PI3K/Akt pathway. These findings may help to elucidate a potential mechanism for modulating the progression of NSCLC and thus may provide a new potential therapeutic target for NSCLC.
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